Abstract: To achieve a good balance among the raw modulation bandwidth, the output optical power, and the dynamic swing range, three small GaN-based blue light-emitting diode (LED) cells are cascade interconnected on chip to form a 9 V HV-LED. A singlestage T-bridge equalizer is proposed to upgrade the -3 dB bandwidth and -6 dB bandwidth of a visible light communication/underwater optical wireless communication (VLC/UOWC) system based on the HV-LED to be over 700 and 900 MHz, respectively. To the best of our knowledge, it is the widest bandwidth of a VLC/UOWC system at the similar LED optical power level (120 mW). Under the forward error correction (FEC) limit of 3.8 × 10 −3 , data rates of 3.4 Gb/s over 1.8-m free-space transmission and 3 Gb/s over 1.2-m underwater channel are obtained using 16QAM-OFDM modulation scheme without complex algorithm. The T-bridge equalizer also improves the error free modulation bandwidths up to 450 MHz under 16QAM-OFDM, and up to 600 MHz under 8QAM-OFDM, respectively. Furthermore, the conjunction of the developed HV-LED and T-bridge equalizer endows the merit of a wide linear region of the modulation response, which will make the communication system be more tolerance to LED's degradation and system fluctuations. 
Introduction
Human beings are paying more and more attention to the exploration of marine resources, which is inseparable from the support of high-speed underwater wireless communication (UWC). UWC techniques include acoustic communication, radio-frequency (RF) communication and underwater optical wireless communication (UOWC) [1] . Acoustic communication has limited bandwidth, slow propagation speed (around 1500 m/s) and large antenna size [2] , [3] . Although RF communication can provide relatively high data rate, RF waves are heavily attenuated by seawater, especially as the frequency increases [4] . Optical waves can have higher bandwidth than previous two traditional Fig. 1 . Summary of research results of VLC system using various optical source. [9] , [11] - [17] .
carriers, but their propagation distances are very limited due to other propagation effects such as the severe water absorption at optical frequency band, fluctuations, scattering and dispersion. Fortunately, seawater shows a relatively low attenuation optical window at the blue-green wavelengths (from 450 nm to 550 nm) of EM spectrum [5] . Thus, high speed UOWC over moderate ranges is possible [6] - [19] . The blue or green-emitting laser diodes (LDs) [6] - [8] and light emitting diodes (LEDs) [9] , [10] are suitable optical data sources for the UOWC system. As summarized in Fig. 1 , LDs have a much higher modulation bandwidth and longer transmission distance, but LEDs are more advantageous in medium transmission rate applications because of their higher power efficiency, lower cost and longer lifetime. For a VLC system based on LEDs with limited channel bandwidths, multi-carrier modulation schemes, such as OFDM, are more efficient on spectrum usage. Compared with OOK, high-order modulation methods such as OFDM require higher modulation linearity and deeper dynamic range of the LEDs [18] . Two main factors in a UOWC system lead to the nonlinearity, the limited bandwidth and nonlinearity of the used devices. The light source device, LED, is usually the bottleneck. In addition, the propagation effects of the underwater channel attenuate the optical signal, such as temperature fluctuations, scattering, dispersion and beam steering [15] , [19] . Thus, the modulation linearity, voltage dynamic range, and optical power of LEDs are equally important for a UOWC system. Fig. 1 shows that micro-LEDs with much smaller sizes lead to higher bandwidth but also bring weaker optical power [9] . Z. Wu et al. obtained high optical power and wide driving voltage swing by connecting 10 LEDs in series on the PCB, but the off-chip series connection also introduces in large parasitic parameters, limiting the modulation bandwidth. In addition to the off-chip series, high-voltage LEDs (HV-LEDs) can be achieved via monolithic integration of plurality of μL E D by face-up or flip-chip bonding [20] . Dividing a large area LED chip into numerous serially connected LED cells improved the brightness of GaN-based LEDs and at the same time avoided the poor current spreading problem [21] . HV-LEDs can provide large optical power in small size (over 350 mW in a size of 896 μm × 432 μm, as reported in [22] ). Single-chip highvoltage LEDs also enable simplified driver design, because its operation voltage is closer to mains or DC voltage supplies [23] . Previous work has shown that connecting more LED cells in series leads to higher power, but also brings higher parasitic parameters and reliability problems [24] , [25] . Comprehensively considering the bandwidth, driving swing, optical power, semiconductor fabrication yield and reliability simultaneously, the face-up high-voltage LED which series three GaN-based blue LED cells on chip typically operating at 9 V will be an appropriate choice as the optical source. The cell size roughly determines the bandwidth of the total chip. In addition to higher bandwidth devices, the equalization circuits also are employed to increase the modulation bandwidth of the visible light communication (VLC) system [26] - [28] .
In this work, high-voltage (typical operating voltage of 9 V) face-up GaN-based blue LEDs are fabricated with each cell taking a size of 8 mil × 18 mil (203 ± 38 μm × 457 ± 38 μm). The commercial ceramic substrate is used to package the LED chip. The raw −3 dB bandwidth (i.e., electrical bandwidth) and −6 dB bandwidth (i.e., optical bandwidth) are measured to be up to 45 MHz and 80 MHz, respectively. Based on the packaged HV-LED, an UOWC demonstration with a −3 dB bandwidth up to 700 MHz and a −6 dB bandwidth up to 950 MHz is realized through a Bridge-T pre-equalization circuit. To the best of our knowledge, this is the highest value reported on LEDs at the same power level. Experimentally, under the pre-forward error correction (FEC) limit of 3.8 × 10 −3 , a data rate of 3.4 Gb/s is achieved over 2 m free-space transmission in the air channel through 16 QAM-OFDM modulation scheme without complex algorithm(i.e., only simple zero-forcing). For a UOWC system in a tank filled with tapping water, a date rate of 3 Gb/s is demonstrated at the distance of 1.2 m. If these HV-LEDs are cascade connected on the ceramic substrate, the transmission distance in water will be further extended due to the increased optical power and more widened dynamic range.
Characteristics of Blue HV-LED
The packaged blue HV-LED device offers relatively high raw -3 dB bandwidth, wider dynamic swing, and higher output power, which establishes a good base for next step of pre-equalization operation. The light power versus forward voltage (P-V) characteristic shown in Fig. 2(c) is obtained from the combination of the I-V and P-I characteristics curves. As seen from Fig. 2(c) , within the range of 8.0-10.5 V, the P-V curve exhibits a good linearity, implying a possible modulation depth of around 2.5 V. Normally, the dynamic voltage range of an LED is around 1 V [29] . Thus, high-order modulations can be expected. In Fig. 2 (d) , the spectral range of the HV-LED is from 400 nm to 500 nm, which is in the low attenuation optical window underwater of blue-green wavelengths (from 450 nm to 550 nm). The series resistance is estimated being around 20 at operation currents from 10 mA to 80 mA through fitting the I-V curve shown in Fig. 2 
Proposed T-Bridge Pre-Equalization Circuit
Pre-equalization circuits could extend the modulation bandwidth of an LED by increasing the relative power of high frequency components and attenuating that of the low frequency parts [30] . Nonlinearity and limited bandwidth of the LED would cause ISI (Inter symbol interference) and result in failure detection. The system will experience less ISI in the received signal as the modulation bandwidth increases, thereby the BER performance of the VLC system is improved. H. Li et al. extended the −3 dB bandwidth of a VLC system based on a phosphorescent white LED from 3 MHz to 143 MHz by using an analog pre-emphasis circuit and post-equalization circuit [31] . H. Zhang et al. increased the −3 dB bandwidth of a white LED from 1 MHz to 520 MHz using a T-Bridge cascaded pre-equalization circuit and a blue flitter [32] . We achieve an over 700 MHz −3 dB bandwidth with a GaN-based blue HV-LED through a single stage T-Bridge pre-equalization circuit, which is much higher than previous reports. The obtained maximum −6 dB bandwidth can reach up to 950 MHz. Fig. 3 shows the proposed T-bridge pre-equalization circuit. In the equalizer, Z 1 is the equivalent impedance of C 1 and L 1 , and Z 2 is the equivalent impedance of R 1 , R 2 , R 3 , C 2 and L 2 , while Y 3 is the equivalent admittance of R 3 , C 2 and L 2 , Z s is the input impedance of the circuit and Z L is the load of the circuit. The [ABCD] matrix of Z 1 and Z 2 can be respectively expressed as
where ω is the angular frequency and 
where
and s = jω. Z 1 and Z 2 are in parallel, so the total admittance can be expressed as
The frequency response of the pre-equalization circuit is
The frequency response of the pre-equalization circuit is shown in Fig. 4(a) . The pre-equalization has large low-frequency attenuation, and the attenuation decreases as the frequency rises, which is opposite to the channel response of the LEDs. The lower frequency attenuation is decided by R 3 . The zero frequency and the slope of the frequency response are influenced by C 1 and L 1 . The smaller the value of C 1 , L 1 and R 3 , the higher the frequency range that we can choose, but the amplitude of the output signal will be smaller. Too low the output signal amplitude will lead to an excessively low signal-to-noise ratio (SNR), making the signal hard to be demodulated. So it's necessary to comprehensively consider the bandwidth and signal strength to select the appropriate equalization amount.
In order to select the appropriate value for the equalizer, many simulations are performed by ADS (Advanced Design System, Keysight) to explore the impact of resistance and capacitance of the equalizer. The finally selected parameters for the proposed equalizer are
The S-parameters are measured by the VNA (Vector Network Analyzer, Rohde & Schwarz, ZNB8) operating from 9 KHz to 1.2 GHz and the output power of the VNA is equal to 0 dBm.
As shown in Fig. 4 (a) , the simulated and measured forward transmission gains S 21 of the proposed T-bridge equalizer have very good agreement with each other from 9 KHz to 700 MHz. The transmission loss of the measured result is bigger than the simulated one at higher frequency. It is because our circuit is made on the common FR-4 epoxy glass cloth (dielectric constant ∼4.6) PCB (Printed circuit board) with a large dielectric loss and its dielectric constant varies greatly with increasing frequency. In order to reduce the noise and loss brought by the circuit, we intend to build our circuit on the high-frequency ceramic substrate with smaller dielectric loss and a more stable dielectric constant, and further integrate the equalization circuit with the LED package in our further work. The forward transmission gain S 21 of the equalizer ranges from the lowest frequency to the highest magnitude with about 30 dB. Fig. 4 (b) shows the Smith chart for the simulated and measured output reflection coefficientsS 22 . The curves are around the impedance matching point for 50 load at the lower frequency, which indicates that the equalizer matches to the 50 impedance.
Bandwidth Measurements in Different Channels
Fig . 5 shows the block diagram of the bandwidth measurement set-up. Frequency responses of the packaged HV-LED devices with/without the proposed pre-equalizer are measured through the system under different channels, i.e., air (VLC) and tap water (UOWC). The −3 dB and −6 dB bandwidth values are derived from the frequency response curves. In this scheme, the driving signal from Port 1 of vector network analyzer (VNA, Rohde & Schwarz, ZNB8) is/isn't equalized by the proposed T-bridge pre-equalization circuit and then modulated to the blue HV-LEDs by the bias Tee (Mincircuits, ZX85-12 G-S+, 0.2-12000 MHz). At both Tx and Rx, a lens is utilized to increase the receiving power for the PIN Photodiode (Newport, 818-BB-21 A). After photoelectric conversion, the signal is input to the Port 2 of VNA. Fig. 6 (a) and (c) show the eye diagrams at 100 Mb/s without or with equalizer. The eye diagrams in Fig. 6 (c) is clearer than that in Fig. 6 (a) but the eye height is much smaller, which shows that the linearity of the VLC system using equalizer is much better than the one without equalizer, but the received light output power is attenuated. The eye diagram at 200 Mb/s without equalizer is closed, as shown in Fig. 6 (b) , but an open eye diagram at 700 Mb/s with equalizer can be seen in Fig. 6 (d) . The modulation bandwidth with equalizer is much wider than the one without equalizer. The closed eye diagram shown in Fig. 6 (b) means the level of "0" and "1" are hard to be judged due to the ISI. The eye diagram is clearly opened with the proposed equalizer, which means that the increase of the bandwidth reduces the ISI, thereby improving the BER performance of the VLC system.
In Fig. 7 (a) , the forward transmission gains of the VLC system are measured at different current biases with or without equalizer. The results measured without equalizer show that the bandwidth of blue HV-LED increases as the bias current increases, and can almost reach 45 MHz under the bias current of 80 mA, which is higher than other commercial LEDs [27] . Further increasing the bias current, the nominal bandwidth will be larger (over 50 MHz@100 mA), but it may not be useful for modulation due to the narrowed down voltage swing range and heat dissipation problems. Compared to other commercial LEDs, HV-LEDs have both wider bandwidth and greater output signal strength, and their response decays more slowly with frequency. These characteristics allow for greater attenuation in the equalizer design, and the slope of the attenuation as the frequency rises can be more gradual, resulting in a wider frequency range. The instability of the dielectric constant of the PCB plate at high frequency and the parasitic parameters of the cable limit the further widening of the bandwidth. Fig. 7(b) shows the S21 frequency response curves measured at a distance of 1.8 m with/without a 0.6 m empty water tank and with/without tapping water. The received optical power with the tapping water is attenuated by about 0.8 dB compared to the case without the empty water tank, and the received optical power in 0.6 m underwater channel is attenuated by 0.8 dB compared to the case with the empty water tank. Thus, water attenuation of ∼1.3 dB/m can be extracted from Fig. 7 (b) and it is smaller than the RF communication (3.5-5 dB/m) but is higher than reported value 0.39 dB/m of the open ocean [4] . Fig. 9 shows the experimental setup for VLC (without water tank) and UOWC (with water tank). The underwater channel is simulated through a 0.6 m water tank filled with tapping water. Different underwater distances are realized through reflecting the light within the water tank by high-reflectivity mirrors (97% reflectivity). The OFDM signals are generated by the Matlab software. The OFDM signals generation process includes QAM mapping, serial to parallel conversion, IFFT (inverse fast Fourier transmitter), CP (cyclic prefix) insertion, parallel to serial conversion, up sample and up conversion. After that, an AWG (arbitrary waveform generator, Tektronix, AWG5204) converts the OFDM signals to analog signals as the driving signals of the VLC system. The signals are equalized by the proposed T-bridge pre-equalization circuit. After amplified by two stage amplifier (Mincircuits, ZHL-6 A-S+, 25-dB gain), the signals are modulated to the blue HV-LEDs by the bias tee. At the receiver, the PIN detector (Newport, 818-BB-21 A) converts the optical signals to analog signals. After amplified by an amplifier (Mincircuits, ZHL-6 A-S+), the signals are transmitted back to the Matlab software by an OSC (oscilloscope, Keysight, DSOS604A). Then an offline program, Fig. 9 . Block diagram of a data transmission experimental set-up for VLC and UOWC. including down conversion, FFT (fast Fourier transform), post-equalization and QAM de-mapping, is used to demodulate the OFDM signal and calculate the BER. Only a simply zero forcing algorithm is used here. Advanced algorithms can further improve the data rates, which will be carried out in our future work.
UOWC Experiment and Results
Firstly, the impacts of LED's bias current and modulation depth (i.e., V pp ) on BERs are investigated at the distance 1.8 m in the air or underwater to find out the quiescent points. The results are summarized and drawn in Fig. 10 . Fig. 10 (a) and Fig. 10 (b) show the BERs measured in the air at a date rate of 1.8 Gbit/s without equalizer and 2.2 Gb/s with equalizer, respectively. Fig. 10(c) and Fig. 10 (d) show the BERs measured underwater at a data rate of 800 Mb/s without equalizer and 1 Gb/s with equalizer. The modulation format in all tests is 16 QAM-OFDM. As shown in Fig.  10 , the BER decreases as the bias current of LED increases. As the V pp of the AWG increases, the BER reduces first and then increases, due to the linearity of the LED's modulation response. There is a large region of quiescent points for the LED shown in Fig. 10 , which means that the HV-LEDs can provide a wide linear region of the modulation response and the proposed equalizer can further broaden the linear region. Therefore, a good quiescent working point can be found to get the best BER performance and the system is expected to be more tolerance to LEDs' degradation and system fluctuation.
Then BER performance versus different bandwidths from 200 MHz to 800 MHz with a 50 MHz step for each kind of QAM signal with or without equalizer are compared at the underwater channel distance of 1.8 m. The total data rate can be calculated as R = B * log 2 (M ), where B is the modulation bandwidth of the system and M is the constellation size of QAM [27] . In Fig. 11 , the BER performance degrades with the increase of modulation bandwidth. We can achieve an error free system with a modulation bandwidth lower than 250 MHz for 16-QAM and lower than 400 MHz for 8-QAM without equalizer and lower than 450 MHz for 16-QAM and lower than 600 MHz for 8-QAM with the T-bridge equalizer. The maximum modulation bandwidth with a BER below the FEC threshold for 8-QAM, 16-QAM and 32-QAM are 700 MHz, 450 MHz, 200 MHz without equalizer and 750 MHz, 750 MHz, 550 MHz with equalizer respectively. As a high order QAM requires a higher SNR to achieve certain BER criterion, some low-SNR subcarriers at high frequency have to be discarded for higher order QAM [33] . The maximum modulation bandwidth decreases as the modulation order increases. Because of the large dynamic swing range of the HV-LEDs, the maximum modulation bandwidths for 8-QAM and 16-QAM are close to each other. Advancing the algorithms can improve the BER performances for higher order QAM.
The BER performances versus modulation bandwidth in various channels are presented in Fig. 12 . The BER performances with or without the equalizer are compared with the transmission distance of 1.8 m in the air or underwater. The modulation format in all tests is 16 QAM-OFDM. Under the FEC threshold, the maximum modulation bandwidth are both 450 MHz in the air and underwater without equalizer. With equalizer, the maximum modulation bandwidths in the air and underwater are 750 MHz and 850 MHz, respectively. There is almost no difference in BER performances between underwater and free space case without equalizer, which shows that HV-LEDs have high SNR performances because of their high signal output and high bandwidth. However, the underwater BER performances are worse than the case in the air with equalizer, implying that the equalizer attenuates the signal and results in a lower SNR, which make the signal more susceptible to the environment. The effect of distance on transmission rates is summarized in Fig. 13 , where the obtained maximum data speeds at the different transmission distances in the air or underwater channels with or without equalizer are given. All the tests are carried out by the 16 QAM-OFDM modulation scheme and zero-forcing algorithm. Under the FEC limit, the data rates are respectively 3.2 Gb/s, 3.2 Gb/s and 3.4 Gb/s for the VLC system and 3.0 Gb/s, 3.0 Gb/s and 2.4 Gb/s for the UOWC system at the distances 0.6 m, 1.2 m and 1.8 m. Due to the insertion loss induced by the tank and mirror, the underwater transmission rate decreases faster with distance than that in free space. By replacing the water tank with certain highly transparent materials and using longer water tank instead of the mirror, the transmission distance can be further increased.
Conclusion
The 9 V HV-LED which series three GaN-based blue LED cells on chip can provide a good balance among the modulation bandwidth, the output optical power and the dynamic swing range, which establishes a base for pre-equalization operation. A single-stage T-bridge equalizer is proposed to upgrade the −3 dB bandwidth and −6 dB bandwidth of a VLC/UOWC system based on the HV-LED to be over 700 MHz and 900 MHz, respectively. To the best of our knowledge, it is the widest bandwidth of a VLC/UOWC system at the similar LED optical power level (120 mW). Under the FEC limit, a data speed of 3.4 Gb/s is obtained over 2 m free-space transmission and 3 Gb/s over 1.2 m underwater using 16 QAM-OFDM scheme without complex algorithm. The merit of a wide linear region of the modulation response endowed by the fabricated HV-LED device and the proposed equalizer will make the communication system be robust to LED's degradation and system fluctuations.
